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E-mail address: xingda@scnu.edu.cn (D. Xing).Here we studied the mechanism by which heat shock protein 70 (Hsp70) prevents Bax activation
during ultraviolet (UV)-induced apoptosis. UV treatment led to c-Jun N-terminal kinase (JNK) phos-
phorylation, Bim redistribution and subsequent Bax activation. Bim depletion caused a smaller
reduction in apoptosis than that by JNK inhibition, indicating that Bim activation is not entirely
responsible for induction of apoptosis and other mechanisms are involved. Hsp70 knockdown
resulted in high levels of activated JNK and Bax, while Hsp70 overexpression inhibited these pro-
cesses. These ﬁndings demonstrate that Hsp70 prevented Bax activation via inhibiting the JNK/
Bim pathway. Simultaneously, increased binding of Hsp70 to Bax was observed. Collectively, our
results for the ﬁrst time demonstrate that Hsp70 prevents Bax activation both by inhibiting the
JNK/Bim pathway and by interacting with Bax in UV-induced apoptosis.
 2010 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction Heat shock proteins (Hsps) are a set of highly conserved proteinsApoptosis can be initiated by diverse forms of cell stress such as
heat shock and ultraviolet (UV) irradiation [1]. The Bcl-2 family
members play a critical role in regulating apoptosis [2]. Bcl-2 fam-
ily comprises three subfamilies: (a) antiapoptotic members, such
as Bcl-2/Bcl-XL; (b) proapoptotic members, such as Bax, Bak, and
Bok; and (c) BH3-only proteins, such as Bid, Bim, Puma, and Bmf
[3]. The proapoptotic protein Bax plays an important role in apop-
tosis [4]. Additionally, the c-Jun N-terminal kinase (JNK) signaling
pathway promotes Bax activation by phosphorylating Bim, sug-
gesting that Bim provides a molecular link between the JNK signal-
ing pathway and the Bax-dependent mitochondrial apoptotic
machinery [5]. Following exposure to an apoptotic stimulus, Bax
undergoes a conformational change, leading to exposure of its
N- and C-termini and to its mitochondrial targeting. Within the
mitochondrial membrane, oligomerized Bax facilitates mitochon-
drial membrane permeabilization, leading to cytochrome c release
from mitochondria [4,6]. However, cells have self-repairing system
to suppress apoptosis under harmful conditions, which can be
accomplished by members of the heat shock protein family [7].on behalf of the Federation of Euro
scopy; JNK, c-Jun N-terminal
nd GFP, cyan, yellow, red and
nce energy transfer; Hsp70,
airpin RNAand they function as molecular chaperones. A well-characterized
subgroup of Hsps is the heat shock protein 70 (Hsp70) family [8].
There are several Hsp70 familymembers, including stress-inducible
Hsp70, constitutively expressed Hsp70 (Hsc70), mitochondrial
Hsp75, and GRP78 [9]. The expression of Hsp70 can be induced by
a variety of stresses, including heat shock, UV irradiation and oxida-
tive stress [8]. Hsp70 has been reported to protect cells from apopto-
sis induced by various stresses and agents [10]. It can block the
apoptotic pathway at different levels [11]. Most importantly, recent
studies have suggested that Hsp70 prevents Bax translocation to
mitochondria and blocksmitochondrial membrane permeabilization
[12–15], although its molecular mechanisms are not clear at present.
The aim of this study is to investigate how Hsp70 inhibits Bax
activation in UV-induced apoptosis. To determine the molecular
mechanisms involved in this process, this study focuses on: (i) the
activation of the JNK/Bim/Bax signaling pathway after UV irradia-
tion; (ii) inhibitory effects of Hsp70 on the JNK/Bim/Bax pathway
in UV-induced apoptosis; (iii) the interaction between Hsp70 and
Bax.
2. Materials and methods
2.1. Materials and plasmids
We used antibodies against Hsp70, JNK and Bax (Cell Signaling
Technology) and p-JNK (BD Biosciences). CFP-Bax was provided bypean Biochemical Societies.
H. Li et al. / FEBS Letters 584 (2010) 4672–4678 4673Drs. Streuli andGilmore (University ofManchester), YFP-Hsp70was
a gift from Dr. Morimoto of Northwestern University, and pDsRed-
Mit was supplied by Dr. Gotoh (University of Yokyo). Hsp70 short
hairpin RNA (shRNA) and Scr were provided by Dr. Tolkovsky [16].
The oligonucleotides for shRNA Bim were purchased from Gene-
Pharma (Shanghai, China) and were used as previously described
[17]. GFP-BimL was generated as previously described [18]. Other
chemicals were purchased from Sigma–Aldrich (St. Louis, MO).
2.2. Cell culture and treatments
The human lung adenocarcinoma cell line (ASTC-a-1) was cul-
tured in DMEM supplemented with 15% fetal calf serum (FCS), pen-
icillin (100 units/ml), and streptomycin (100 mg/ml) at 37 C with
5% CO2 in a humidiﬁed incubator. Transfection was performed with
Lipofectamine™ 2000 reagent (Invitrogen, Carlsbad, CA) according
to the manufacturer’s protocol. Cells were examined at 24–48 h
after transfection. Before the 120 mJ/cm2 UV treatment, medium
was removed and collected, and then cells were rinsed with phos-
phate buffered saline. The medium was restored after treatment.
For experiments with the inhibitor, cells were pretreated with
20 lM SP600125 (a speciﬁc inhibitor of JNK, Sigma, St. Louis, MO,
USA) for 1 h before UV irradiation. SP600125 was kept in the med-
ium throughout the experimental process.
2.3. Cell viability assays
ASTC-a-1 cells were cultured in a 96-well microplate at a den-
sity of 5  103 cells/well for 24 h. Cell viability was assessed with
Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto,
Japan) at indicated times post UV treatment. OD450, the absor-
bance value at 450 nm, was read with a 96-well plate reader
(DG5032, Huadong, Nanjing, China), to determine the viability
and proliferation of the cells.
2.4. Flow cytometry
Annexin V-ﬂuorescein isothiocyanate (FITC; 0.1 lg/ml) was
used for the assessment of phosphatidylserine exposure. Propidi-
um iodide (PI; 0.5 lg/ml) was used for cell viability analysis. Cell
death was measured in a FACSCanto™ II cytoﬂuorimeter (Becton
Dickinson, Mountain View, CA). Compensation was used wherever
necessary.
2.5. Subcellular fractionation
Cytosolic and mitochondria-enriched fractions were prepared
using Subcellular Proteome Extraction Kit (ProteoExtract™, Calbio-
chem, Darmstadt, Germany) according to the manufacturer’s
instructions.
2.6. Bax conformational change analysis
Cells were lysed with ice-cold lysis buffer (150 mMNaCl, 10 mM
HEPES (pH 7.4), 1% 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonic acid, and 100 lg/ml PMSF) containing protease
inhibitors. For immunoprecipitation, 2.5 lg of anti-Bax 6A7 mono-
clonal antibody (Abcam, Cambridge) was added into 500 lg of cell
lysate. The obtained immune complexes were subjected to western
blotting analysis with anti-Bax polyclonal antibody.
2.7. Laser confocal scanning microscopy (LCSM) and ﬂuorescence
resonance energy transfer (FRET) acceptor photo-bleaching technique
Fluorescence of cyan ﬂuorescent protein (CFP), green ﬂuores-
cent protein (GFP), yellow ﬂuorescent protein (YFP), red ﬂuores-cent protein (DsRed), and Mitotracker were monitored confocally
with LCSM, using different excitation wavelengths and detection
ﬁlters as previously described [19].
FRET acceptor photo-bleaching was performed on LCSM to de-
tect the interaction between YFP-Hsp70 and CFP-Bax. For excita-
tion, the 458 nm line of an argon-ion laser was attenuated with
an acousto-optical tunable ﬁlter and reﬂected by a dichroic mirror
(main beam splitter HFT458), and focused through a Plan-Neoﬂuar
40 /1.3 NA oil DIC objective (Carl Zeiss) onto the sample. CFP (the
donor) and YFP (the FRET acceptor) emissions were collected
through 470–500 and 535–545 nm band pass ﬁlters, respectively.
YFP was excited at 514 nm, and its emission was detected with
565 to 615 nm band-pass (YFP channel). We bleached the YFP sig-
nal (the acceptor) in a certain area within the cell (identiﬁed by a
rectangle) with 514 nm line of an argon-ion laser at 100% power
for 300 iterations.
2.8. CFP-Bax and GFP-BimL translocation assay
To monitor Bax translocation in living cells, cells were transfec-
ted with CFP-Bax and were stained by MitoTracker for mitochon-
drial labeling. The cells exhibiting strong punctuate staining of
CFP, which overlapped with the distribution of MitoTracker, were
counted as the cells with mitochondrially localized Bax. The anal-
ysis of GFP-BimL mitochondrial translocation was similar to that of
Bax.
2.9. Co-immunoprecipitation and western blotting assays
Cells were lysed with ice-cold lysis buffer (50 mM Tris–HCl [pH
8.0], 150 mM NaCl, 1  TritonX-100, 100 lg/ml PMSF and Protease
Inhibitor Cocktail Set I) for 45 min on ice. After centrifugation, the
supernatant was incubated with the antibody against Bax and sub-
sequently with protein A-Sepharose (50% slurry) at 4 C overnight.
After washed ﬁve times, pellet was resuspended with the same
volume of SDS sample buffer, and boiled to remove Sepharose
beads. Then the cell lysates and immunoprecipitates were ana-
lyzed by western blotting [20].3. Results
3.1. Hsp70 confers resistance against UV-induced apoptosis
To study Hsp70 expression after UV irradiation, western blot-
ting analysis was performed. The results show that the expression
of Hsp70 increased gradually (Fig. 1A). To investigate the cytopro-
tective function of Hsp70 after UV irradiation, cell viability was
analyzed using CCK-8. Overexpressed Hsp70 clearly reduced the
level of cell death, compared with the UV-only treatment
(Fig. 1B). In addition, western blotting was performed to conﬁrm
Hsp70 overexpression (Fig. 1B).
We further studied cell apoptosis using ﬂow cytometry after
knocking down Hsp70 utilizing RNA interference approach. Scr
was used as control. The data show that silencing Hsp70 increased
cell apoptosis (Fig. 1C). Statistical results of apoptotic cells under
different treatments are given in Fig. S1 (Supplementary informa-
tion) blotting was also performed to conﬁrm Hsp70 knockdown
(Fig. S1). These results clearly suggest that Hsp70 has distinct cyto-
protective function in UV-induced apoptosis.
3.2. Hsp70 prevents Bax mitochondrial translocation
Generally, the activation of Bax is inferred by its translocation
from cytosol to mitochondria. UV-induced Bax mitochondrial
translocation, as well as the activation of Bax, was investigated
Fig. 1. Hsp70 inhibits UV-induced cell apoptosis. (A) Increase in expression of Hsp70 in ATSC-a-1 cells after UV irradiation. b-Actin served as a control. (B) Effects of Hsp70
overexpression on cell viability. Viability of ASTC-a-1 cells was assessed by the CCK-8 assays at different time points. Western blotting was performed to conﬁrm Hsp70
overexpression. Data represent mean ± S.D. of four independent experiments, *P < 0.05 vs UV-only treatment. b-Actin served as a control. (C) Cell apoptosis in ﬂow cytometry.
Numbers represent the percent of cells with positive staining.
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detected using 6A7 monoclonal antibody, which could selectively
recognize the activated Bax. The results show that Bax translocated
to mitochondria after UV irradiation in a time-dependent manner.
Simultaneously, the activated Bax on mitochondria increased grad-
ually (Fig. 2A). To determine the impact of Hsp70 on Bax transloca-
tion after UV irradiation, single-cell real-time analysis was utilized.
Cells were transiently transfected with CFP-Bax alone or co-trans-
fected with CFP-Bax and YFP-Hsp70. MitoTracker was used to label
mitochondria. CFP-Bax had a diffuse distribution throughout the
cytosol in the untreated cells (Fig. 2B, left panel). After UV irradia-
tion, almost all the CFP-Bax translocated from cytosol to mitochon-
dria, indicating the activation of Bax (Fig. 2B, right panel).
However, when cells were overexpressed with YFP-Hsp70, UV-in-
duced Bax translocation to mitochondria was markedly delayed
(Fig. 2C). Detailed time courses of the mitochondrial CFP-Bax ﬂuo-
rescence intensity after different treatments are shown in Fig. S2
(Supplementary information). Quantitative analyses show thatBax translocation was time-dependent after UV treatment and
overexpression of Hsp70 could delay the translocation. Taken to-
gether, these results suggest that Hsp70 can inhibit translocation
of Bax in UV-induced apoptosis.
3.3. Hsp70 prevents UV-induced Bax activation by inhibiting JNK/Bim
signaling pathway
Our results show that Hsp70 can inhibit the redistribution of
Bax after UV irradiation. However, how it does this remains un-
known. We hypothesize that Hsp70 prevents Bax activation
through inhibition of JNK in UV-induced apoptosis. In order to test
this hypothesis, western blotting was performed to detect the level
of JNK phosphorylation. The results show that JNK was activated
after UV irradiation (Fig. S3, Supplementary information), and
overexpression of Hsp70 decreased the level of phosphorylated
JNK (Fig. 3A). To further determine the role of Hsp70 in inactivating
JNK, we detected the level of JNK phosphorylation after knocking
Fig. 2. Prevention of Bax mitochondrial translocation by Hsp70 in UV-induced
apoptosis. ASTC-a-1 cells were transiently transfected with CFP-Bax alone or co-
transfected with YFP-Hsp70. MitoTracker was used to label mitochondria. (A) Bax
translocated to mitochondria after UV irradiation. b-Actin and CoxIV were used as
control markers for the cytosolic and mitochondrial fractions, respectively. (B)
Control cells without Bax translocation (left panel) and time-lapse images of CFP-
Bax redistribution after UV irradiation (right panel). Bar, 10 lm. (C) Delay of Bax
mitochondrial translocation after UV irradiation in Hsp70 overexpressed cells. Bar,
10 lm.
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a high level of activated JNK (Fig. 3A). These results demonstrate
that Hsp70 could inhibit JNK activation in UV-induced apoptosis.
To determine the role of JNK in promoting Bax activation after
UV irradiation, cells were pretreated with 20 lM SP600125 for
1 h before UV irradiation. In the presence of SP600125, Bax
mitochondrial translocation was markedly delayed compared to
UV-only treatment (Figs. S4 and S5, Supplementary information).
Further, our data show that the level of activated Bax decreased
in parallel with that of phosphorylated JNK when Hsp70 was
overexpressed (Fig. 3A). In contrast, the amount of activated Bax
increased when Hsp70 was depleted by shRNA (Fig. 3A). The above
results suggest that Hsp70 can prevent Bax activation via inhibi-
tion of JNK in UV-induced apoptosis.
Lei et al. reported that JNK was the upstream signal of Bim [5].
Moreover, our previous studies have demonstrated that BimL, one
important isoform of Bim, can promote Bax activation via directlyneutralizing Bcl-xL [17,21]. Herein, we ask whether Hsp70 could
inhibit JNK/Bim signaling pathway to prevent Bax activation. The
role of Bim in UV-induced apoptosis was determined by ﬂow
cytometry after silencing of Bim using RNA interference approach.
The data show that depletion of Bim as well as inhibition of JNK by
SP600125 decreased apoptotic cells compared to UV-only treat-
ment (Fig. 3B). Statistical results of apoptotic cells under different
treatments are given in Fig. S6 (Supplementary information). Fur-
thermore, western blotting was performed to conﬁrm Bim knock-
down, and shRNA NC was used as control (Fig. S6).
The effect of Hsp70 on JNK/Bim pathway was detected using
real-time single-cell analysis. Cells were transfected with GFP-
BimL to follow BimL migration with ﬂuorescence imaging, and
DsRed-Mit was transfected to label the mitochondria. GFP-BimL
had a diffuse distribution throughout the cytoplasm in non-apop-
totic control cells (Fig. 3C, left panel). As shown in Fig. 3C (middle
panel), BimL clearly translocated to mitochondria after UV treat-
ment. In the presence of SP600125, BimL largely remained in the
cytoplasm throughout the observation period after UV irradiation
(Fig. 3C, right panel), indicating that JNK activation was required
for Bim mitochondrial translocation. Cells were transiently co-
transfected with GFP-BimL and YFP-Hsp70. As shown in Fig. 3D,
Hsp70 overexpression inhibited BimL mitochondrial translocation
as effectively as inhibition of JNK with SP600125 after UV irradia-
tion. Detailed time courses of the mitochondrial GFP-BimL ﬂuores-
cence intensity after different treatments are given in Fig. S7
(Supplementary information). Together with the above results,
we conclude that Hsp70 can prevent Bax activation by inhibiting
the JNK/Bim signaling pathway in UV-induced apoptosis.
3.4. Direct interaction between Hsp70 and Bax increases after UV
irradiation
Direct visual proof of FRET in living cells can be obtained by
bleaching a certain region of the acceptor and imaging the corre-
sponding increase in ﬂuorescence of the donor in that region. This
occurs because the energy of the donor is no longer transferred in
the place where the acceptor has been effectively destroyed. To
determine whether Hsp70 interacts with Bax in ASTC-a-1 cells,
FRET acceptor photo-bleaching experiments were carried out. Cells
were transiently co-transfected with CFP-Bax and YFP-Hsp70. As
shown in Fig. 4A, after photo-bleaching of YFP-Hsp70 in the indi-
cated area (identiﬁed by a rectangle) both in the control cells and
in UV treated cells, the ﬂuorescence of YFP-Hsp70 in YFP-channel
and in FRET-channel decreased but that of CFP-Bax in CFP-channel
increased, indicating that there was direct interaction between
Hsp70 and Bax. To further conﬁrm the above results, co-immuno-
precipitation was utilized. The data show that the amount of
Hsp70 binding to Bax increased after UV irradiation (Fig. 4B). These
results demonstrate that Hsp70 can prevent Bax activation not
only by inhibiting JNK/Bim signaling pathway but also by directly
interacting with Bax in UV-induced apoptosis. A model of Hsp70
preventing Bax mitochondrial translocation in UV-induced apopto-
sis is shown in Fig. S8 (Supplementary information).4. Discussion
Hsp70 has been proposed to be a decisive negative regulator of
the mitochondrial pathway of apoptosis and it can prevent apopto-
sis at different levels: at the premitochondrial stage by inhibiting
stress-inducing signaling, at the mitochondrial stage by preventing
mitochondrial membrane permeabilization through inhibition of
Bax activation, at the postmitochondrial level by interacting with
AIF and Apaf-1 [11]. Previous studies showed that Hsp70 could
directly bind to Apaf-1, thereby preventing the recruitment of
Fig. 3. Inhibition of JNK/Bim pathway by Hsp70 to prevent Bax activation in UV-induced apoptosis. (A) Levels of Hsp70, p-JNK, and activated Bax after different treatments.
Western blotting shows that Hsp70 inhibits JNK and Bax activation after UV treatment. b-Actin served as a control of Hsp70 and Bax. JNK served as a control of p-JNK. (B)
Inhibition of Bim and JNK protects cells from apoptosis as determined by ﬂow cytometry. Numbers represent the percent of cells with positive staining. (C) ASTC-a-1 cells
were transiently co-transfected with GFP-BimL and DsRed-Mit. Control cells without BimL translocation (left panel). GFP-BimL redistributed after UV irradiation (middle
panel) and the mitochondrial translocation of GFP-BimL was inhibited in the presence of SP600125 (right panel). Bar, 10 lm. (D) GFP-BimL translocation was prevented in the
Hsp70 overexpressed cells after UV irradiation. Bar, 10 lm.
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interacted with procaspase-3 and procaspase-7 and prevented
their maturation [23]. Additionally, Hsp70 could interact with AIF
directly, leading to inhibition of AIF-induced chromatin condensa-
tion [24]. These reports clearly established the anti-apoptotic func-
tion of Hsp70 downstream of mitochondria. However, the
mechanisms of how Hsp70 inhibits Bax activation to prevent apop-
tosis at the mitochondrial stage are not clear. Previous reports
showed that Hsp70 could inhibit JNK activation to prevent apopto-
tic signals upstream of mitochondria in heat-induced apoptosis
[13]. Guo et al. reported that Hsp70 could increase the level ofBcl-xL to improve its antiapoptotic activity via upregulation of
STAT5 in Bcr-Abl-expressing leukemia cells [15]. Additionally, it
has been shown that Hsp70 regulates the activity of Bcl-2 via inter-
action with Bag-1 [25]. Therefore, the machinery of how Hsp70
prevents apoptotic signals upstream of mitochondria is complex;
it may depend on the experimental model. In this study, we inves-
tigated the cytoprotective function of Hsp70 in UV-induced apop-
tosis, with a speciﬁc focus on how Hsp70 prevented Bax activation.
The results show that UV irradiation induced JNK phosphorylation,
leading to Bim translocation to mitochondria, and resulted in Bax
activation on mitochondria subsequently (Figs. 2 and 3);
Fig. 4. Direct interaction between Hsp70 and Bax. (A) CFP-Bax and YFP-Hsp70 were transiently cotransfected into ASTC-a-1 cells. Fluorescent images of the indicated area
(identiﬁed by a rectangle) in control cells (left panel) and in UV treated cells (right panel) before and immediate after photo-bleaching in CFP-channel, FRET-channel and YFP-
channel, respectively. Bar, 10 lm. (B) Interaction between Hsp70 and Bax after UV irradiation. Co-immunoprecipitation with anti-Bax antibody was used to pull down total
Bax, and western blotting was performed to detect Hsp70. The amount of Hsp70 binding to Bax increased after UV treatment.
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tion and Bax activation, while overexpression of Hsp70 inhibited
these processes (Fig. 3A). These ﬁndings demonstrate that Hsp70
prevented Bax activation via inhibiting JNK/Bim pathway during
UV-induced apoptosis.
The role of Bim activation in UV-induced apoptosis was investi-
gated by knocking down Bim using RNA interference approach. Our
data show that depletion of Bim reduced cell apoptosis (Figs. 3B
and S6). However, the reduction in apoptosis by silencing Bim
was less than by inhibiting JNK (Figs. 3B and S6). These results sug-
gest that Bim activation is not entirely responsible for induction of
apoptosis and other mechanisms are involved. Previous studies
have shown that Bmf, a member of the BH3-only subgroup of
Bcl2-related proteins, can be phosphorylated by JNK and plays a
role in promoting Bax activation [5]. Other studies have demon-
strated that phosphorylation of 14-3-3 by JNK releases proapoptot-
ic Bad. As a consequence, Bad is dephosphorylated and translocates
to the mitochondria, exerting its proapoptotic functions [26].
Therefore, Bim activation is not entirely responsible for induction
of apoptosis; other mechanisms are also involved, such as Bmf-
mediated apoptotic pathway.
Phosphorylation by JNK activates both BimL and BimEL and in-
creases their apoptotic activity via engaging the mitochondrial
apoptotic pathway [5,27]. In this study, we focused on BimL be-
cause our previous studies have proved that BimL can promote
Bax activation by directly neutralizing Bcl-xL [17,21]. Since BimELcan also be phosphorylated by JNK and promote apoptosis, we will
conduct future study on the effects of BimEL.
It has been reported that activated Bax undergoes a conforma-
tional change and exerts its proapoptotic activity [4,6]. Recent
studies reported that Hsp70 could directly interact with Bax, pre-
venting Bax from changing into the proapoptotic conformation
and thus inhibiting apoptosis [12,14,15]. However, the interaction
between Hsp70 and Bax was not detected in human acute lympho-
blastic T cell line during heat-induced apoptosis [13]. It is probably
that it is the differences between the cell lines that lead to the dif-
ferent results. In the present study, FRET technique, a powerful tool
for revealing the dynamic activity of protein–protein interaction
[20,28,29], was utilized to detect the relationship between Hsp70
and Bax. The results show that there was direct interaction be-
tween Hsp70 and Bax (Fig. 4A). Co-immunoprecipitation experi-
ments also conﬁrmed such an interaction and the increased
binding of Hsp70 to Bax was detected (Fig. 4B). Since high expres-
sion of Hsp70 in cancer has been correlated with poor patient out-
come [30], it would be helpful for cancer therapy if some inhibitors
could block the activity of Hsp70 effectively.
In conclusion, the present study demonstrates that Hsp70 can
prevent Bax activation both by inhibiting the JNK/Bim pathway
and by interacting with Bax in UV-induced apoptosis. Considering
that Hsp70 is abundantly expressed in most cancer cells [31], it
may thus be a therapeutic target for prevention and treatment of
cancer.
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